Typical douchi has a particular sensory quality that makes it distinct and highly appreciated by consumers in China. The present study was performed to isolate, purify, and identify the flavor peptides of douchi by gel filtration chromatography, reversed-phase high-performance liquid chromatography (RP-HPLC), sensory evaluation, and electronic tongue analysis. Peptide fractions (P1, P2, P3, and P4) were purified from an aqueous extract of the water-soluble extracts (WSEs) of douchi using Sephadex G-25 gel filtration chromatography. Among all the fractions, P3 exhibited the highest peptide content of 841 ± 4 mg/g and strongest douchi, bitter, and umami taste, with a taste dilution (TD) value up to 128. P3 was further fractionated into P3a-P3j by RP-HPLC. Sensory evaluations and electronic tongue analysis showed that P3h elicited strong douchi, bitter, and umami taste as well as a taste similar to that of the WSEs. P3h was repurified by RP-HPLC to obtain the pure taste peptide for amino acid sequence analysis. Edman degradation revealed that the amino acid sequence of P3h was Ala-PheAsp-Glu-Lys. In addition, the synthetic peptides showed similar sensory characteristic to those of the isolated peptides and umami enhancement in the presence of monosodium glutamate, with threshold value of 0.05 mmol/L. Results showed that the flavor peptide isolated from douchi was a novel peptide.
Introduction
Fermentation, which is one of the oldest food-processing techniques, can improve the properties of food products through various biochemical transformations. Free amino acids and peptides in enzymatic hydrolysates produced from fermentation may contribute to taste characteristics. [1] [2] [3] The actual tastes of different peptides and their relative contributions to the overall tastes of foods have been studied. [4] Douchi is a soy-fermented food that originated from China from as early as 206 BC. This food was introduced as a Buddhist food and has spread as different foods around the world. Douchi was known as tempeh and tao-tji in Indonesia, natto and hamanatto in Japan, chungkookjang in Korea, taunua in Thailand, kinema in India, and soumbala in Africa. [5] Similar to douchi, douchiba is a unique traditional soy-fermented appetizer widely consumed in China. Douchi has concentrated, smooth, strong, bitter, and umami taste. [5] Most enzymatic hydrolysates of food proteins have a bitter taste, which is an important taste characteristic of douchi. Bitter-tasting peptides have been isolated from various sources, and the relationship between bitterness and chemical structure has been elucidated. [6, 7] However, taste characteristics of peptides are very complex, and their precise involvement in producing a taste in foods remains unclear.
Sensory taste plays an important role in foodstuffs and highly correlated with the selection, intake, and absorption of foods. [8] Flavor peptides with various structures and lengths possess unique taste properties including sweet, bitter, umami, sour, and salty. The taste properties are caused by the primary structure and amino acid sequence of peptides. [9] Flavor peptides abundant in food are currently extensively investigated. [10] According to reports, Ala-His-Ser-Val-Arg-Phe-Tyr, Asp-Asp, and Glu-Asp have been shown to elicit umami taste in Parma ham, cheese, and soybean, respectively. [11] [12] [13] These peptides are known to be important for flavors in both unprocessed and processed foods. Complex taste is caused by the polar, amino, and carboxyl groups in the flavor peptides, and these groups have a buffering capacity. Flavor peptides can also participate in and influence the evolution of the odor and tastes in certain foods. [10] For example, a beefy meaty peptide (H-Lys-Gly-Aspp-Glu-Glu-Ser-Leu-Ala-OH) was found and isolated in beef meat in 1978. [14] Several peptides can improve the overall flavor of food to provide "continuity," "mouthfulness," smooth taste, and "after taste." [15] Numerous studies have performed gel filtration chromatography, reversed-phase high-performance liquid chromatography (RP-HPLC), tandem mass spectrometry, sensory evaluation analysis, and electronic tongue to isolate and identify many flavor peptides. For example, Leu-Ser-Glu-ArgTyr-Pro, Ala-Asp-Glu, Ala-Glu-Asp, Asp-Glu-Glu, Glu-Glu-Asn, Ser-Pro-Glu, Glu-Glu, Glu-Val, Asp-Leu, and Glu-Asp have been extracted from soybean protein, casein, bonito protein, chicken protein enzymatic hydrolysates, wheat gluten, Parma ham hydrolysates, cheese, soybean, paste, and fish sauce, respectively. [16] [17] [18] [19] [20] [21] [22] The results showed that most of these peptides had complex taste including bitter, sweet, and umami. However, negligible studies have described the possible flavor peptides that contribute to the taste of douchi. This study was performed to examine the flavor peptides extracted from the douchi to clarify the key flavor peptides that account for the douchi taste.
Materials and methods

Materials
Douchi was provided by Chongqing Yongchuan Douchi Food Ltd., a well-known douchiba manufacturer in Chongqing Province, China. About 100 g of Douchi consisted of 16.35 g carbohydrates, 33.15 g proteins, 7.46 g crude fibers, 27.47 g fat, 15 .57 g ash, 10 .54 g sodium, 53.5 mg isoflavone, 142 mg calcium, 5 mg iron, 240 mg phosphorus, 53 μg biotin, 0.52 mg pantothenic acid, 2.52 mg nicotinic acid, 0.10 mg folic acid, 0.28 mg V B1 , 0.65 mg V B2 , 0.83 mg V B6 , and 3.9 mg V B12 . Douchi was stored in airtight bottles at -18°C until analysis. Sephadex G-25 was purchased from Pharmacia Chemicals Co., Sweden. Trifluoroacetic acid (TFA) and food-grade amino acids were supplied by Sigma Chemical Co. (St. Louis, Mo, USA). Acetonitrile (ACN) and food-grade sucrose, caffeine, citric acid, sodium chloride (NaCl), and monosodium glutamate (MSG) were obtained from Chongqing Chemical Company (Chongqing, China). All other reagents were of analytical grade.
Preparation of water-soluble extracts (WSEs) from mucor-fermented douchi
The WSEs of mucor-fermented douchi were obtained according to Chen et al., [22] with some modifications. Mucor-fermented douchi was quickly frozen in liquid nitrogen and ground by passing through a 40 mesh using a mill (Model AF-06A, Wenling Aoli Chinese Traditional Medicine Machinery Co., Ltd., China). The douchi was ground again to produce ultrafine powder by passing through 1000 mesh using an ultrafine grinder (Model ZNC-701, Beijing Xingshilihe Science and Technology Development Co., Ltd., China) and then stored at −20°C until use. Subsequently, 10 g of the mucor-fermented douchi powder was homogenized with 50 mL of distilled water for 8 min at 4°C. The pH of the homogenate was adjusted to 6.0 with HCl (0.1 mol/L). The homogenized powder was ultrasonicated at 80 W for 30 min and then stirred for 1 h at 45°C. The solid and extracts were separated by centrifugation at 10,000 × g and 4°C for 20 min (Modal GF-LDJ, Liaoyang Long Da Pharmaceutical Machinery Co., Ltd., China). The extraction process was repeated, and the supernatants were pooled. The supernatant was transferred to a 100 Da dialysis bag desalination for 24 h and then evaporated to 5 mL by a rotary evaporator (RE52AA, Yarong Equipment Co., Shanghai, China). Finally, the WSE was lyophilized and stored at 4°C until use.
Isolation and purification of peptides
Separation by gel filtration chromatography The dried WSE was first reconstituted in distilled water to achieve a concentration of 10 mg/mL. An aliquot (20 mL) of the solution was then carefully loaded onto an XK (Pharmacia Biotech) column (1.6 × 70 cm) filled with Sephadex G-25. The elution was performed at a flow rate of 0.5 mL/min at room temperature with water as the mobile phase to allow the sensory evaluation of the recovered fractions. Fractions (5 mL) were collected using an automatic fraction collector when the absorbance was >0.05, and absorbance was measured at 214 nm (Agilent Cary 60 UV-vis spectrophotometer, Agilent Technologies, Palo Alto, CA, USA). The fractions, namely, P1, P2, P3, and P4, from successive runs were concentrated using a rotary evaporator at reduced pressure and 55°C and lyophilized immediately for sensory evaluation.
Separation and purification of further fractions of P3 by reversed-phase high-performance liquid chromatography
The most intense taste fraction P3 from gel filtration was dissolved in 0.05% TFA solution to generate a solution with a concentration at 10.0 mg/mL. This solution was injected into an RP-HPLC (Waters Company, USA) with a preparative column (Chromstar AQ-C 18 , 10 × 250 mm). The separation conditions were as follows: injection volume, 1 mL; flow rate, 5 mL/min; mobile phases, phase A (0.05 mL/100 mL TFA aqueous solution) and phase B (0.05 mL/100 mL TFA methyl cyanide solution); gradient elution procedure: 0-5 min, 0-5 mL/100 mL B; 5-20 min; 5-20 mL/ 100 mL B; 20-40 min, 20-35 mL/100 mL B; column temperature, 30°C; and detection wavelength, 214 nm (using a Model Waters 2996 Diode Array Detector, Waters Company, USA). Each fraction of P3, namely, P3a-P3j, was collected and freeze dried. Finally, the active fractions of P3e and P3h were collected and lyophilized for electronic tongue analysis.
Repurification of P3h by reversed-phase high-performance liquid chromatography P3h was further repurified on an RP-HPLC (Agilent 1260, USA) with a preparative column (Zorbax SB-C18, 4.6 mm×250 mm). P3 was dissolved in 0.05% TFA solution to generate a solution with a concentration at 1.0 mg/mL using a linear gradient of phase (A) 0.05% TFA in water and phase (B) 0.05% TFA in ACN. Elution conditions were as follows: gradient elution procedure, 0-4 min, 0-0 mL/ 100 mL B; 4-29 min, 0-100 mL/100 mL B; 29-35 min, 100-100 mL/100 mL B; injection volume, 20 μL; flow rate, 8 mL/min; and UV detection at 280 nm. The peak was recorded according to the main peak time, and the fraction was lyophilized for further repurification using RP-HPLC. Further gradient elution procedure was as follows: 0-4 min, 0-0 mL/100 mL B; 4-14 min, 0-40 mL/100 mL B; and 14-17 min, 40-40 mL/100 mL B. The peak was recorded according to the main peak time, and the fraction was lyophilized for amino acid sequence analysis. Each analysis had three independent replicates (n = 3).
Determination of peptide content
Peptide content was measured by OPA (orthophthalaldehyde) method [23] using glutathione as the calibration standard, according to Ghanbari et al. [24] Sensory evaluation
Sensory panelist training
The sensory evaluation panelists consisted of five females and three males (aged between 19 and 23 years) who had been trained to evaluate five basic tastes with the aqueous solutions (2 mL per each) of the following standard taste compounds through a triangle test: 10 mmol/L of citric acid solution for sour taste, 40 mmol/L of sucrose solution for sweet taste, 1.5 mmol/L of caffeine solution for bitter taste, 1 mmol/L of sodium chloride solution for salty taste, and 4 mmol/L of MSG solution for umami taste. All the panelists received training procedure in a triangle test over 20 h before test. Panelists were asked to assess the taste difference between the sample (basic taste) and either of the two blanks (deionized water). Panelists were recruited from the College of Food Science and Technology of the Southwest University, Chongqing, China. Sensory evaluation was performed in a sensory panel room at 23 ± 2°C.
Taste dilution analysis (TDA)
The TDA was performed according to the method described by Frank, Ottinger, and Hofmann, [25] with slight modification. Each 100 mL of sample (1 mg/mL) was diluted gradually with deionized water into different concentrations. Then, 5 mL of each dilution by increasing concentration was examined by panelists in a triangle test with deionized water as the blank control. Three similar disposable paper cups (25 mL) were prepared and numbered with a three-digit code. A certain concentration of the diluted sample (5 mL) was poured into a cup, and 5 mL of deionized water was added to the other two cups (control samples). One of the three cups was selected randomly and placed triangularly with the other two cups for evaluation. Panelists were asked to assess the difference among them, and to describe the dilution taste. When an obvious difference in taste between a dilution at a certain concentration level and two cups of deionized water could be distinguished, the dilution time or the dilution level, which is expressed as the taste dilution (TD) value, was recorded. The TD value was the average value of the evaluation results provided by the sensory evaluation panelists. Differences among the results should be less than or equal to one of the dilution levels. [20] Evaluation of taste properties by electronic tongue Original data were acquired through an electronic tongue system (Alpha M.O.S. Co., Toulouse, France). The electronic tongue system consisted of sensor array, which is composed of seven different liquid cross-selective sensors (ZZ, JE, BB, CA, GA, HA, and JB) and a reference electrode, a 16-position auto-sampler, an electronic unit for data acquisition, and a personal computer with a complete software package for auto-sampler control and pattern recognition methods. Sensors were made from silicon transistors with an organic coating. Coatings (Alpha M.O.S. Co., Toulouse, France) were developed to ensure good repeatability, sensitivity, and selectivity. Response intensity of each sensor was measured using an Ag/AgCl reference electrode. Intensity was defined as the potentiometric difference between each coated sensor and reference electrode. Sample measurements were performed after reaching a constant potential for each of the sensors that passed conditioning, calibration, and diagnostic or two of these three tests. [15, 26] The electronic tongue was rinsed with deionized water between the measurements. Solutions of 80 mL of each of the three peptide fractions (1 mg/mL; i.e., one WSE and RP-HPLC fractions P3e and P3h), 12 mM NaCl, and 4 mM MSG were mixed with 12 mM NaCl and prepared four times in random order. Each sample was measured using seven replicates by each of the seven sensors, and the last three replicates were averaged into one point, for a total of four points for each sample in the score plot. [16] Amino acid sequence analysis Amino acid sequence of purified peptides was determined using automated Edman degradation with a protein sequencer (PPSQ-21A; Shimadzu Techno-Research) at Scilongs Biological Technology Ltd. (Beijing, China). [27] 
Synthetic peptides
The most promising sequences of identified peptides were synthesized by Jier Biochemistry Corporation (Shanghai) with a purity of over 98 g/100 g. Solid-phase peptide synthesis has become a tremendously powerful method for preparing peptides and small proteins over the past three decades. [16] Descriptive analysis for qualitative evaluation of synthetic peptides
The sensory evaluation of the synthetic peptides was performed. The threshold value was the minimum identified concentration of the sample, indicating that the taste intensity at this concentration was the lowest distinguishable intensity.
The dose-response relationship of the synthetic peptides was also examined at 0.00, 0.05, 0.25, 0.50, 2.50, 5.00, 10, and 25.00 mg/mL with MSG (10 mg/L) to elucidate the umami-enhancing effect of synthetic peptides. The samples were scored from 0 to 10, with zero score referring to the water medium (i.e., containing no synthetic peptides and no MSG). Scores larger than zero represent either the threshold value of a synthetic peptide solution (if the test sample is without MSG) or the umami-enhancing effect as a function of synthetic peptide (if the test sample had MSG). [28] 
Statistical analyses
Experimental design and data analyses were implemented with Design Expert 7.0 and SAS 8.0 (SAS Institute Inc., Cary, NC, USA). Each test was performed in triplicate. Data were subjected to ANOVA and expressed as mean ± standard deviation (SD). p < 0.05 was considered statistically significant.
Results and discussion
Separation of the peptide of WSEs using Sephadex G-25
Four peaks were isolated by Sephadex G-25 from the WSEs of douchi, and these fractions were named as P1, P2, P3, and P4 ( Figure 1A) . Pure water was used as eluent to facilitate the sensory evaluation of the fractions. Thus, the separation was not exclusively based on molecular size.
The results of the sensory evaluation of these fraction peaks in the WSEs are shown in Table 1 . The TD value decreased gradually with peptide content, which indicates that the peptide content is an important component of the taste characteristics of douchi. Two of the four fractions contained peptides, and eluent P3 exhibited the highest peptide content of 841 ± 4 mg/g. P3 had the strongest douchi, bitter, and umami taste, with a TD value up to 128. These values indicated that P3 had the most intense taste. Moreover, among these four fractions, only the taste of P3 was similar to that of the total extract from WES. As shown in Table 1 , WES had bitter and umami tastes, and the tastes showed mouthfulness and continuity. Therefore, eluate P3 in the WSE of douchi was selected for further purification when combined with the results of the sensory evaluation.
Taste-active peptide in eluate P3 purified by reversed-phase high-performance liquid chromatography
The eluate P3 sample, after Sephadex G-25 purification, was separated and purified using semi-preparative RP-HPLC (Figure 2A ). Eluates were divided into 10 fractions and named P3a-P3j, which were collected in tubes based on chromatographic peaks. Sensory evaluation using the 10 components was performed, and the results are shown in Figure 2B . Peaks of P3h and P3i were the maximum peaks of the eluate P3, but P3e and P3h had the highest TD value of approximately 64 and 128, respectively (Figure 2 ). Peptides as a percentage of P3e and P3h were 94.72% ± 3.12% and 97.05% ± 1.68%, which shows that most of the components of P3e and P3h are peptides. According to taste description, P3e and P3h had strong douchi, bitter, and umami taste, while other peaks had slight douchi and bitter taste. Therefore, P3e and P3h were collected and lyophilized for electronic tongue analysis.
Determination of taste profile by electronic tongue
The WSE, P3e, and P3h were subjected to preliminary sensory evaluation by electronic tongue according to the eight taste qualities (Table 2) . Umami was decreased in P3e and P3h, which probably resulted from the loss of hydrophilic amino acid during purification. [29] Bitterness and aftertaste-B were increased in P3h probably because of the residual concentrated hydrophobic amino acids left from the purification process. [28] P3h showed rather high intensities of bitterness, aftertaste-B, and richness than P3e and WSE. The other tastes were not significantly different between WSE and P3h.
For the electronic tongue determination, the WSE were used as the control taste components measured by electronic tongue. The sensory profiles of WSE, P3e, and P3h analysis by electronic tongue are shown in Figure 3A . The sensory scores for P3e decreased for umami and sourness but increased for bitterness. By contrast, sensory scores for P3h decreased for umami and sourness but increased for bitterness, aftertaste-B, and richness. Figure 3 shows that P3h had the highest scores for aftertaste-B and richness than P3e, and this result is consistent with the sensory evaluation results from mouthfulness, continuity, and strong douchi taste of WSE listed in Table 1 . PCA (Principal component analysis) is the data reconstruction and dimensional reduction method using principal component score, which is a scaling constant used to reconstruct the raw data. [26] To visualize the cluster trend of the three samples, a two-dimension scatter plot using the top two principal components score vectors (i.e., PC1, PC2) was obtained ( Figure 3B ). In Figure 3B , PC1 explains 72.77% of the variances, and PC2 explains 25.01% of the variances. The two-dimensional plot represented by PC1 and PC2 scores can express 97.78% information from original data. At the same time, the different samples did not overlap, indicating their distinct taste characteristics. For taste, the distance between P3h and WSE was closer than the distance between P3e and WSE. Therefore, this result demonstrates that the taste of P3h approaches the taste of WSE. [30] At the same time, the content and concentration of P3h was very much greater than those of P3e. Thus, fraction P3h was further purified. P3h repurified by reversed-phase high-performance liquid chromatography RP-HPLC was performed to further purify P3h to obtain the pure taste peptide to structurally characterize the peptide. The separation effect is good under the detection wavelength of 280 nm ( Figure 4A ). Except for the main peak, only two obviously impurity peaks were found with small peak areas. The main peak in Figure 4A was that of P3h repurified by RP-HPLC using the different gradient elution procedures. This fraction was finally separated into one purified peptide with peak area of 99.67% ( Figure 4B ). This result suggests that this fraction had satisfactory purity for amino acid sequence analysis.
Amino acid sequence analysis of purified peptides
The components of purified peptides were analyzed for the N-terminal amino acid sequence using Edman degradation. [31] Each position of the polypeptide amino acid was analyzed, and the peptide sequence Ala-Phe-Asp-Glu-Lys was obtained in Figure 5 . The pentapeptide elicited the bitter and umami taste associated with concentrated taste. Arthur and Judsons [32] concluded that the hydrophilic peptides were commonly associated with desirable flavors, such as umami, sweet, meaty, and brothy, while the hydrophobic ones were usually associated with more undesirable flavors. Hydrophilic amino acids such as Tyr, Gly, Gly, and Thr are considered to be the main contributors to the umami and sweet taste, while hydrophobic amino acids residues such as Phe and Val are responsible for the bitter taste. [10] The amino acid sequence of this pentapeptide is similar to that of soybean protein hydrolysate bitter peptides Ser-Ala-Glu-Phe-Gly and bitter peptides Asn-Ala-LeuPro-Glu. [33, 34] Bitter is one of the important taste characteristics of douchi flavor. Bitter peptides containing hydrophobic amino acids, such as Ala, Phe, and Leu, increase the intensity of bitterness when they are located at the C-terminal position. [35] Hydrophobic amino acid residues and bitter taste-eliciting amino acids were observed from the amino acid sequence of this pentapeptide, and their residues and amino acids are considered to be the main contributors to the bitter taste. [10, 36] Glu is the hydrophilic amino acid residue as observed from the amino acid sequence of this pentapeptide. These hydrophilic amino acid residues are related to the umami taste of this pentapeptide. [37] Dunkel reported that the Asp-Glu amino acid residues contribute to the concentrated taste. [38] Liu also reported that Glu-Lys amino acid residues can cause the concentrated taste of chicken soup under low concentration (1.5 mmol/L). [39] The results showed that the pentapeptide obtained in this study was a novel peptide with residue similar to other peptides.
Sensory evaluation of synthetic peptides
The sensory evaluation results showed that the synthetic peptides and the isolated peptides had strong concentrated taste of douchi and bitter taste. Both peptides exhibited threshold values of 0.05 mmol/L. Previous reports have demonstrated synergistic effects of MSG on peptides, such as beefy meaty peptide. [40] Figure 6 demonstrated the dose-response effect of the synthetic peptides in the presence of MSG. For the solution with 10 mg/L of MSG, adding the synthetic peptides at all concentrations used in this study influenced significantly (p < 0.05) the umami taste of the MSGcontaining solution. The umami intensity of the MSG-containing solution exhibited a peptide dosedependent increase (from the peptide concentration of 0.05 mg/mL) for the synthetic peptides until above 2.50 mg/mL, at which reduced umami taste occurred probably because of the suppression caused by the inherent bitterness of peptides. Furthermore, the enhanced umami taste in the presence of MSG was apparently possible for the synthetic peptides exhibiting threshold values of 0.05 mmol/L. Zhuang et al. [28] reported that peptides (ALPEEV, LPEEV, and EAGIQ) separated from soy sauce displayed umami-enhancing effects in a dose-dependent manner at a concentration range of 0.25-2.0 g/L, while decreased umami taste was exhibited with peptide concentrations over 2 g/L, which was probably due to the suppression by the inherent sourness and astringency of peptides. In addition, ALPEEV, LPEEV, and EAGIQ were perceived as umami compounds with threshold values of around 0.43 mmol/L, 1.25 mmol/L, and 0.76 mmol/L, respectively.
Conclusion
This study has confirmed the important role of peptide in the special flavor of douchi. In this study, separation procedures utilizing gel filtration chromatography (Sephadex G-25) and RP-HPLC were combined with sensory evaluation and electronic tongue analysis to isolate and identify taste peptide fractions from the WSEs of douchi. The amino acid sequence of the purified peptide was Ala-Phe-Asp-Glu-Lys. This peptide was further synthesized and evaluated, indicating umami-enhancing effects in a dose-dependent manner with concentrations ranging from 0.05 to 2.50 mg/mL. On the basis of the results obtained from this work, more investigations were needed to clarify the computational relationship between structure and related taste of these synthesized peptides.
